Model is used within an idealized basin to examine the ocean heat budget. Simplified seasonal wind stress and thermohaline forcing, based on observational data of the North Atlantic, are used to drive the model. Following a 30-year spin-up, the model reaches a state of little annum heat content change, at which point a detailed study of the heat budget is performed. The heat budget is split into the components of surface forcing, diffusion, Ekman pumping, Ekman transport, and non-Ekman advection. Both annual and seasonal results are obtained. Analysis of the heat budget reveals different annual balances to exist in different ocean regions. In the subpolar gyre the principal balance is between cooling caused by surface fluxes and warming due to geostrophic advection. However, in the subtropical gyre, where net surface fluxes are small, Ekman pumping balances geostrophic advection. As such, the Ekman pumping is seen to be important for supplying the necessary heat for subduction to take place. An investigation of the Ekman compensatory flow is undertaken. It is shown that the exact temperature and, consequently, the depth of this flow are important for determining the Ekman heat content change. The results here tentatively suggest this depth to be in the upper thermocline. Subduction rates are calculated and shown to be reasonable. The seasonal heat budget is dominated everywhere by surface fluxes. All other terms have negligible seasonal cycles, except for the Ekman terms, which exhibit a limited seasonal variation. In doing so the Ekman terms are seen to control the seasonal cycle of the transport of heat. This is due to their dependency on not only the time variation in wind stress but also the degree of stratification of the upper ocean.
Introduction
In an investigation of the heat balances that exist within the climate system the ocean is of special interest because the high specific heat capacity of water, together with its great density, lead to the heat content of the ocean far exceeding that of the atmosphere. The North Atlantic heat budget is of particular interest, as there is an exchange of cold, deep waters formed lines are straight and the bathymetry is uniform, the model ocean reaching 4000 m depth at all grid points.
The model is both thermohaline and wind driven, with the surface forcing incorporating a wind stress, a freshwater flux, a radiative heating, and a combined sensible and latent heat flux with all forcings being zonal averages. Radiative fluxes come from Lamb and Bunker [1982] results are regarded as outweighing the above disadvantages.
Spin-Up
The model has been spun up for 34 years from a state of rest, with the heat budget study being performed in year 33. Originally, salinities were a uniform 35.0 g/kg and temperatures were such that the resulting density matched the annually and zonally averaged Levitus [1982] data set (as in the work by Bleck et al. [1992] ). The model spin-up starts at the time of the vernal equinox. A graph showing the evolution of the annually and basin-averaged heat exchange with the atmosphere, calculated by averaging 12 monthly values of the heat forcing, is shown in Figure 3 . From this figure it may be seen that, after an initial discharge of heat, the model has reached a state of little net surface heating by year 33. There is no guarantee that such a state would be maintained if the spin-up were extended, as the model ocean may naturally vary on a timescale of years or decades. Indeed, an analysis of the change in monthly and annual layer thickness (not shown) reveals that the isopycnic structure is still developing. Interdecadal variability in ocean models has been discussed by Cai et al. [1995] and New and Bleck [1995] . However, the feedback present in the turbulent heat flux term would tend to bring this exchange to zero. Inclusion of year 34 in Figure 3 indicates that year 33 is both in a period of little net heat forcing and little change in heat forcing and is therefore an appropriate time for a heat budget study to be carried out. N/A Diffusive parameters are described by velocities. Equivalent diffusivities may be calculated by multiplying these diffusive velocities by the grid scale, taken here to be 2 x 10 • m. The deformation-dependent viscosity is also dependent on the horizontal velocity gradients, so no typical diffusivity is given for this parameter. It is only used when the diffusivity becomes larger than the background diffusion, given by the momentum dissipation velocity. I  '  I  '  I  '  I  '  I  '  I  '  I  '  I  '  I  '   -90  -80  -70  -60  -50  -40  -30  - 
where Hc is the heat content of a water column; t is time; p is density, assumed to bd constant; C r is the specific heat capacity of water, also assumed to be constant; T is temperature; and z -0 is the sea surface, 
diffusion (D), Ekman pumping (EP), Ekman transport (ET), non-Ekman advection (NA), and surface forcing (S).
However, quite different behavior is demonstrated in the subtropical gyre, where the net surface heating is small. There, Ekman pumping, which was negligible farther north, is the largest heat source throughout the region. This heat input is principally balanced by nonEkman advection, except near the Gulf Stream, where heat is lost through the ocean surface. In the south of the domain, Ekman pumping is again dominant, but here it acts as a heat sink, while both surface heating and, to a lesser extent, Ekman transport, are responsible for heat being brought into the region. However, as 1If becomes infinite toward the equator, the formulation breaks down there, so results in the south need to be treated with some caution. As noted above, the rather weak wind stress fields may be causing an underestimate in the degree of warming caused by Ekman pumping.
Zonal Averages
Attention may now be turned to the seasonal cy- 
Ekman Compensatory Flow
In order to test the sensitivity of the heat content change caused by Ekman pumping to the depth of the compensatory flow, two alternative assumptions on the depth of the compensatory flow have been made. The first is that the compensatory divergence takes place throughout the entire water column beneath the mixed layer. Such an assumption allows a recalculation of the effects of Ekman pumping on the heat budget, resulting in Figure 14a . From this figure it may be seen that the magnitude of heat content change is magnified (compared with Figure 9b ), as would be expected from using a lower average reference temperature. Thus the effect of Ekman pumping could plausibly be greater than that suggested above. Correspondingly, a change to a divergence only in the upper thermocline would result in a lessening of the effect. In order to indicate the full range of the effects of Ekman pumping, the calculation has been made using the reference temperature to be that of model layer 2. The results are shown in Figure 14b . Note, though, that this is unrealistic in the present model configuration as layer 2 does not always exist, as it may be engulfed by the mixed layer for certain periods of the year. Despite this, its theoretical temperature is always known.
The study by B6ning and Herrmann [1994] suggests the possibility that the mean response of the water column, being dictated by baroclinic timescales, is within the thermocline, whereas seasonally, the water column responds barotropically to changes in the wind stress, resulting in a depth-averaged compensatory flow. How- The annual average of term 2 is shown in Figure 15a , and the monthly zonal average is shown in Figure 15b . As can be seen kom these figures, there is a qualitative similarity to the diagnostically calculated heat content changes shown in Figures 9b, 14a, 14b , and 12d, with zero lines being closely matched and the pattern of warming and cooling being the same. The western boundary in the annual average is very different kom the diagnostic results, presumably because of the divergences eluded to above. Unfortunately, the figures do not permit an inversion to reveal an equivalent reference temperature for Figures 15a and 15b, as A note of caution needs to be added, though. The restricted domain and lack of inflow at the boundary mean that there is a large amount of heat that is not being transported through the domain. As the wind stress is independent of this and the temperature fields seem reasonable, the actual Ekman results should be little af-fected by this limitation. However, the non-Ekman advection will not be fully captured in the present model configuration, most noticeably in the Gulf Stream region. Thus the results presented here can have only a certain degree of trustworthiness. Quantitatively, for example, the seasonal results are somewhat different from, say, the surface forcing of BSning and Herrmann [1994] or the heat transport divergence of Sarrniento [1986] .
Similarly, the detail of the effects of Ekman pumping is uncertain, as the exact depth and, pertinently, the exact temperature, of the Ekman compensatory flow are unknown. This work has concentrated on the assumption of a compensatory flow in the thermocline, although the modeling tentatively suggests that the response may be higher in the water column than that. Even with a compensatory flow in the upper thermocline, though, the Ekman pumping is still an important factor in the heat budget of the subtropical gyre. It is also plausible that the compensatory flow is much deeper, in which case, the effects become greater. This dependence on the depth of the compensatory flow is suggested in Figure 8 , as the term shown needs only to be multiplied by a constant factor and the temperature difference between the Ekman layer and the compensatory flow to obtain the heat content change caused by the Ekman pumping. The Ekman transport and Ekman pumping results display seasonal cycles. Although this is not unexpected, given the seasonal cycle of the wind stress, it is interesting to note that, in the Ekman pumping resuits, the degree of stratification of the upper ocean appears to be more influential than the magnitude of the gradient in wind stress. In general, the seasonal amplitudes of the Ekman terms are far less than that of the surface forcing but are significantly more than that of either geostrophic advection or diffusion. The seasonal cycle of the heat content change caused by the transport of heat within the model ocean is therefore largely determined by the seasonal cycle of the Ekman terms.
The modeling has been carried out using a number of simplifications in order to ease understanding of the results and to reduce computing time. As noted above, a regional heat budget study is limited by exclusion of the exterior domain, and this work could therefore be taken forward by either extending the domain to incorporate the more northern reaches of the Atlantic and the equatorial regions or utilizing more sophisticated boundary conditions that allow more realistic heat flow.
The inclusion of this heat flow should ensure a more realistic thermohaline overturning, which would be likely to significantly increase the heat flowing through the Gulf Stream. Similarly, the 2 ø resolution restricts the velocities achievable in the model and passes some of the advective responsibility to the diffusive terms. An eddy-resolving model would have the virtue of more realistically partitioning the advective contribution to the heat budget between mean and eddy terms.
The questions about the depth of the compensatory flow could also be examined more thoroughly with an increased vertical resolution, particularly in the mixed layer. During the winter months the complex processes taking place near the top of the ocean are somewhat smoothed over with the present model configuration. Some hybrid model that allowed the mixed layer to be subdivided might facilitate a better understanding of the compensatory flow, particularly if the Ekman layer could be explicitly represented.
Nevertheless, despite these shortcomings, qualitatively, the overall heat budget analysis is similar to that of early work. 
